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Abstract 
Gamma titanium aluminide as an intermetallic alloy is considered to be one of the materials which can substitute nickel based super-alloys in 
high duty applications e.g. in turbines of aircrafts. In this respect the grindability of Ȗ-TiAl alloys is of high importance despite of the 
restrictions due to the alloy's thermal and metallurgical characteristics. High temperatures in the grinding zone effect the formation of micro 
cracks during the grinding operation. A more efficient cooling by an internal cooling supply can be seen as a suitable approach to tackle this 
obstacle. Thus the coolant flow is directly induced into the grinding zone through the abrasive. This kind of lubrication allows the reduction of 
the flow rate and a more effective cooling of the temperature sensitive materials, respectively. In order to investigate the effects of an internal 
coolant supply experimental investigations has been performed and the thermal impact on the workpiece has been detected by measurement. A 
newly designed measuring device based on a thermocouple, which is mounted on a ball screw, enables the automated adjustment in the 
workpiece according to the actual depth of cut. The results of these investigations are used as boundary conditions for a transient thermal 
simulation. Based on the finite element model the real grinding zone temperature can be calculated with respect to the influences of the heat 
transfer rate and the thermal inertia of the thermocouple as well as of the workpiece material 
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1. Introduction 
One of the major goals in grinding processes is to get rid 
of the heat generated in the contact zone between abrasive and 
workpiece. An inadequate or not efficient heat removal can 
lead to thermal damage at the ground surface. Schneider et al. 
[6] tackled this issue by internal cooling supply similar to the 
cooling technology presented in this paper. The same 
approach adapted to a face grinding operation is described by 
Sasahara et al. [5]. 
Thermal effects are not only caused by inefficient cooling 
they also emerge from the chosen material removal rate, 
dressing operation and the grinding strategy (up-cut or down-
cut grinding). Therefore the temperatures within the grinding 
zone require careful measurements to determine if the process 
is detrimental to the surface integrity of the workpiece after 
grinding. The optimization of the grinding process requires a 
good knowledge of the workpiece input heat flux and of the 
maximum temperature rise which must be maintained below 
the burn threshold [4].  
According to Sharman et al. [7] Ȗ-TiAl superalloys provide 
extraordinary mechanical properties at low density (4 g/cm³), 
low oxidation rates and high temperatures. However, most of 
the workpiece materials used in industry show better 
machinability than Ȗ-TiAl. Its low thermal conductivity and its 
chemical affinity to tools with titanium coatings make it 
especially difficult to machine Therefore it is of particular 
interest to find grinding technologies that perform best 
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under the given circumstances. The thermal models describing 
the process cannot estimate precisely the temperature field in 
the workpiece subsurface or grinding zone because of the 
great number of input parameters. These inputs are crucial to 
define the thermal load depending on the contact area 
affecting the shape of the heat source. Furthermore, a grinding 
is particularly difficult and complex to study in comparison to 
the other machining processes because several grains of the 
wheel remove instantaneously the material. During this 
process their geometry varies continuously with time.
2. Specific grinding energy (SGE) and wheel properties
One of the basic material removal operations is flat 
grinding. During this removal process a grinding wheel cuts 
through the workpiece material as the workpiece passes 
underneath. This operation has been chosen to investigate the 
temperature behavior of the workpiece during up- and down-
cut grinding. Rubbing, ploughing and cutting are inherent 
attributes of the operation at hand. During a down-cut 
operation the abrasive grain penetrates immediately to a 
maximum DoC after contacting. However, in up-cut grinding 
the grain penetrates steadily and the DoC increases until the 
maximum is reached and the grain exits the contact zone. The 
exact nature of chip removal is therefore crucial for the 
temperature generated in the grinding zone. Both grinding 
modes exhibit differences in surface finish, wheel wear and 
grinding zone temperature. A further valuable measure of the 
ability of a grinding wheel to remove material is the grinding 
energy. The SGE therefore gives an idea of the grindability of 
the workpiece material and the sharpness of the grinding 
wheel. The higher the SGE the higher the energy input in the 
workpiece and thus the possibility of wheel fail and surface 
defects. For the presented case the SGE accounts for 31 J/mm³ 
in the up- and down-cut grinding operation. 
   (2.1) 
The result from Equation (2.1) spread over the geometrical 
contact length is shown in Figure 1, whereas the left axis is 
labelled with the growth of the uncut chip thickness and the 
right axis with the development of the grinding energy. The 
major drawback of this approach is that when grinding 
temperature sensitive materials such as Ȗ-TiAl no SGE change 
during up- and down-cut grinding can be captured. That also 
applies for observed grinding burn and increase of surface 
roughness. This is the reason why a newly adapted 
temperature measurement setup in combination with a thermal 
transient simulation has been introduced. 
3. Experiment setup and results 
The experiments were conducted on a Hermle C20U with 
15 kW spindle power and an additional external high pressure 
unit. OMV Mix-cut in a 3% solution is employed as cutting 
fluid. As dressing tool a fix mounted diamond with two 
rectangular shaped diamonds has been used. The composition 
of the aluminium oxide wheel (see Table 1) has been chosen 
according to the demands of the applied cooling technology, 
which is further discussed in the next section. The cutting 
speed has been kept constant at vs=25 m/s during all 
experiments to obtain comparable results. The same applies to 
the DoC ae=0,4 mm, the work speed vw=3000 mm/min, the 
working length lw=44,1 mm and the workpiece width
bw=11,8 mm (see Figure  2). The starting radius of the 
grinding wheel was rw=70 mm as the radius was reduced by 4 
mm due to grinding and dressing operations and a new wheel 
was introduced to the experiment. According to the mentioned 
working parameters the calculated geometrical contact length 
is lg=7,1 mm, hcu=1,6 µm and the wheel indentation after 
passing one contact length ind=14,2 µm. The number of 
grains per cutting area accounts for Nc,AA=1097 gr./cut.ar. and 
the corresponding contact area for AA=85,23 mm². The mean 
diameter (dmean=0,245 mm) results from the two different 
grain sizes used in the wheel composition (F60/70) at a 50/50 
mixing ratio. In addition Figure 3a shows a typical result 
Table 1: Percentage of bond, grain and pores in abrasive
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Figure 2: Engagement conditions from the grinding wheel with the workpiece
Figure 1: Uncut chip thickness and grinding energy vs. geometrical 
contact length for ae=0,5 mm, vs=25 m/s and vt=3000 mm/min
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when grinding with unsuitable working parameters (cracks in 
surface) in comparison to Figure 3b with an acceptable 
surface finish. The pictures were taken with an Alicona IF and 
a 5x magnification. The conducted experiments are classified 
according to four attributes, namely: 
1. Absence of cracks: Yes or No 
2. Grinding zone temperature 
3. Cutting fluid demand for a crack free surface 
4. Spindle power 
Fritsche [2] introduced the “Active Grain Stack” model 
which makes it possible to calculate the real number of active 
cutting grains per contact area AA. Based on the assumption 
that the grain disposition through the abrasive follows a 
normal distribution shows Equation (3.1) the percentage 
of Nc,AA which meets the boundary conditions chosen in the 
“Active-Grain-Stack” model. The real number of grains 
taking part in the cutting process accounts for 3,4 % or 
37,3 grains per contact area. The SGE of 31 J/mm³ 
is  produced only by this fractional amount of grains or rather 
0,83 J/cut.grain.  
   (3.1) 
3.1. Coolant supply setup 
In this paper a new cooling supply technology directly 
through the abrasive is compared to the VIPER cut 
technology. The VIPER-cut (Very Impressive Performance 
Extreme Removal) imitates internal cooling which is the 
reason for the porous wheel composition. The principle 
behind VIPER grinding is that the coolant is injected into the 
grinding wheel under high pressure ahead of the grind. Then 
centrifugal forces move the coolant out of the wheel during 
the grind, clean the wheel and cool the material. This 
technology is a process that requires close coordination 
between the machine, the coolant supply and the composition 
of the grinding wheel. The mode of action is shown in 
Figure 5 where the VIPER nozzle injects the lubricant at 
50 bars generated by an external HPU at a precise angle 
relative to the wheel and workpiece interface. The process 
was developed during the 1990s as a higher performance 
alternative to CBN superabrasives and conventional creep 
feed grinding techniques for machining nickel alloys. During 
grinding the coolant keeps the chip temperature low
preventing bonding of the micro-swarf to the abrasive 
medium, while the jet flushes the material away. This 
prevents "clogging" of the wheel, eliminating the need for 
intermediate dressing. This in turn helps to maintain a low 
rate of wheel wear, resulting in acceptable "tool" life for small 
diameter wheels. 
The idea of cooling supply directly through the abrasive or 
internal cooling supply (ICS) is illustrated in Figure 4. The 
special manufactured HSK-taper distributes the coolant 
through 6 holes along the circumference of the grinding wheel 
(Figure 4a, b). This approach enhances the effects mentioned 
in combination with the VIPER-cut technology. Especially 
the bonding of micro-swarf to the abrasive medium is further 
inhibited. However, one of the biggest advantages when using 
ICS is that no more HPU is needed. The pressure which is 
necessary to transport the lubricant through the abrasive is 
generated by centrifugal forces. Only a small pump is 
necessary to provide the cutting fluid to the distribution point 
(blue point in Figure 4 c). Another advantage is that the same 
grinding performance can be maintained at lower cutting fluid 
flows. 
Figure 5: Working principle of the Viper technology with process 
illustration
Figure 4: Working principal of the internal cooling supply with exposed 
HSK-taper (a), HSK-taper with grinding wheel (b) and process 
illustration (c)
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Figure 3: Comparison of two grinding results with (a) cracks in the surface 
due to thermal damage and (b) a crack free surface (pictures taken with an 
Alicona IF)
5 mm
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3.2. Temperature measurement setup 
The basic temperature measurement setup is shown in
Figure  6. Between two Ȗ-TiAl pieces a sheathed 
thermocouple of Type K with the TC-junction welded to the 
sleeve is located in a pre-machined slot. The slot is only 
manufactured in the right workpiece to minimize the effect of 
a disturbed heat flux due to the coupling joint and the TC-slot. 
In addition the TC-slot and the coupling joint are filled with a 
thin layer of thermal compound to favour the heat flux 
through the TC over the coupling joint. The TC is designed to 
be moveable and adjustable according to the chosen DoC. To 
manage this the TC is mounted on a ball screw. The ball 
screw shaft is further connected to a stepper motor with a belt-
pulley transmission of 1:3. With a chosen stepper motor 
resolution of 0,9°/rev and programmed microstepping the 
accuracy is higher than 0,5 µm for one step. Figure 7 shows the 
whole setup on the machine table stored in a waterproof box 
with and without the workpiece. The cabling is lead out 
through the box as well as the machine and connected to a 
micro controller which enables an automatic adjustment of the 
TC according to the chosen DoC and grinding process. 
3.3. Experiment results 
Various experiments have been conducted and repeated 
for several times to check the reproducibility of the results. It 
has been proven that the experiment results differ only up to 
4% and the setup is thus accurate enough to give reliable 
information about the relative grinding zone temperature and 
power. The procedure for each of the 20 experiments 
followed four steps, namely: 
1. Dressing of the disc 
2. Grinding the workpiece surface to eliminate any 
surface errors from previous experiments  
3. Dressing of the disc with working parameters 
4. Performing the grinding experiment 
The number of experiments was on the one hand restricted by 
the limited amount of test pieces and on the other hand due by 
the small workpiece form factor given. The most interesting 
results are presented in the following. The working 
parameters from Section 3 were used for a swing grinding 
operation in combination with the ICS technology. Figure 8
shows the result of the power consumption during one swing 
grinding operation starting with an up-cut process. The power 
consumption for the first cut is 6% below the following three 
which can be explained by the freshly dressed wheel. It has to 
be pointed out that the power stays on the same level for 
down- as well as up- cut grinding even though a difference in 
the surface integrity of the ground surface could be detected. 
This contradiction can be solved with the temperature 
measurement results. For this measurement the TC was 
located at ae=0,4 mm beneath the working surface and pulled 
back for each cut. The temperature record in Figure 9 shows 
a significant difference in up- or down-cut grinding. The 
temperature sensitive Ȗ-TiAl responses very critically to 
down-cut grinding. It appears that the chip formation is 
Figure 6: Front view of the experiment setup with zoom to the workpiece 
and the embedded sheated TC with junction welded with the sleeve
Figure 7: Overview of the TC pull back mechanism with workpiece (1), ball 
screw (2), stepper motor (3) and TC (4)
(3) 
(2) 
(1) 
(4) 
Figure 8: Spindle power consumption during ICS swing grinding starting 
with an up-cut operation 
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Figure 9: Experiment result for swing grinding with ICS cooling starting 
with an up-cut grinding operation
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impeded and rubbing and ploughing dominates the chip 
removal. 
Another attribute to judge the performance difference 
between the two cooling technologies is the formation of 
cracks in the ground surface in combination with power 
consumption. Figure 10 shows the comparison of three single 
down-cut grinding operations. With the same cutting fluid 
supply of appr. 30 l/min the VIPER-grinding technology left 
cracks in the ground surface similar to Figure 3a. However, 
the ICS technology returned a crack free grinding result. The 
monitored power consumption shows also a coincidence 
because it is 10% higher (8,4 kW vs. 7,5 kW) for the VIPER-
grinding technology. With that knowledge and the fact that 
only limited workpiece material is available further 
experiments are only conducted with the ICS technology. The 
cutting fluid reduction benchmark test showed that the limit 
for a crack free surface in combination with the ICS is 13 
l/min. That is 56% less cutting fluid than the VIPER-grinding 
technology needs. Although the cutting fluid demand is cut to 
the half the average roughness Ra rose only by 0,4 µm from 
3,8 to 4,2 µm. Beranoagirre and Lopez [1] investigated also 
the roughness of TiAl under various forward feeds and 
reported roughness factors up to 2,7 µm at vf=600 mm/min. 
3.4. Simulation setup 
In order to calculate the absolute temperature field around 
the exposed TC the grinding operation is simulated in a 
simplified manner. Figure 11 shows the setup of the 
simulation model, whereas the grinding wheel is represented 
through a heated sliding block. The block has a “frictionless” 
contact boundary with the ground surface and a given heat. 
The heat is increased as long as the TC-tip (red dot in 
Figure 11) has reached the measured TC temperature form 
the experiment. The two coupling joints of the -TiAl blocks 
are connected with a “bonded” boundary condition. The same 
applies for the connection between the TC and the -TiAl 
blocks. The heat conductivity of the sliding block with the -
TiAl blocks accounts for 60 W/mK which is assumed to be 
high enough to make sure that the heat flux is not inhibited. 
The sheathed TC itself is simulated as a pin with the thermal 
properties of Inconel 718 (11,2 W/mK and 435 J/kgK). All 
surrounding surfaces of the TC are in initial contact and have 
the same heat conductivity as -TiAl. 
   (3.2) 
   (3.3) 
The Peclet-number describes the minimum length that the 
sliding block and the workpiece have to be engaged to 
guarantee quasi-steady-state conditions. Thus, the bigger the 
Peclet-number the faster the quasi steady state regime is 
reached for a given value LW. For the presented case the 
minimum Peclet-number can be obtained from 
Equation  (3.3) According to Guo and Malkin [3] is the 
quasi-steady-state value subsequently reached when the 
dimensionless workpiece length LW is greater than 1,5. From 
this insight can be derived that for lg=7,1 mm the length 
between the cut-in edge and the TC must be greater than 
10,6 mm. 
Figure 12: Result of the transient thermal simulation at the time step 0,44 s, 
where the first temperature rise of the TC occurs
606°C 
31°C
22°C
(a) 
(b) 
(c) 
Figure 11: Embedded TC (a) with red data acquisition point in a pre-
machined slot between two TiAl workpieces (b)(c) and the sliding heating 
block on top (d)
(d) 
Figure 13: Result of the transient thermal simulation at the time step 0,67 s 
where the maximum temperature of the TC-tip is detected
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Figure 10: Comparison of three temperature measurement results with 
Viper (30 l/min and 8,4 kW) cracks in surface, ICS (31 l/min and 7,5 kW) 
crack free and ICS (13 l/min 8,1 kW) crack free
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3.5. Simulation results 
The modelling procedure for the following simulation is to 
describe the first temperature rise in Figure 9 (peak 95,24°C) 
as close as possible. As the result is sufficient enough the 
simulation is subsequently applied to the remaining peaks 
with the same settings. The simulation result of the first 
temperature peak during the up-cut operation is shown in 
Figure 14. The calculated absolute temperature accounts for 
190°C and is thus far below the max service temperature of 
750°C. It poses no threat for any thermal surface damage. On 
the contrary Figure 15 shows the simulation result for an up-
cut operation (second peak), whereas the TC experiences the 
first slight temperature rise at the time step 0,44 s. The sliding 
block has a given temperature of 606°C during this simulation 
and is located directly before the TC-slot. At this point only 
the connection points between the TC and the workpiece 
show a temperature response (see Figure 12). The 
temperature of the TC-tip has still the ambient temperature of 
22°C. As the sliding block moves forward and passes the TC 
the maximum temperature of the TC-tip is reached at the time 
step 0,67 s. The measured TC-tip temperature accounts for 
284°C (measured 281,46°C), hence the absolute temperature 
in the grinding zone is appr. 606°C (see Figure 13). During 
down-cut grinding the temperatures nearly triple and the max 
service temperature boundary is almost reached. Figure 15
shows the simulation results for all peaks in combination with 
the temperature measurements. The difference in temperature 
rise between simulation and experiment (peak 2 and 4) is 
determined by the inherent characteristic of the respective TC 
and is therefore not yet investigated in detail. For ICS are the 
measured temperatures in average 9% below the VIPER-cut 
temperatures. It appears that the lubricant supply with ICS is 
more efficient and precise. Due to this behavior shows the 
ground surface no thermal surface damage or cracks after an 
up-cut grinding operation in combination with the ICS 
technology.  
4. Conclusion 
The grinding performance according to the applied cooling 
supply technology was investigated and compared in terms of 
temperature distribution, spindle net power on the ground 
surface and cutting fluid demand. Based on the results of the 
experimental and theoretical investigations the following 
conclusions for internal cooling supply and absolute grinding 
temperature in the grinding zone can be drawn:  
1. The newly adapted and in experiments successfully 
applied relative temperature measurement technique gives 
reproducible results and shows that between up- and down-cut 
grinding is a significant difference in grinding zone 
temperature. This behavior cannot be detected just by 
analyzing the net spindle power.  
2. It has also been shown that tremendous reduction of 
cutting fluid supply in ICS grinding does not affect the 
surface roughness to the same extend.  
3. The transient thermal simulation of the grinding 
process gives reasonable results and shows that the absolute 
grinding temperature for down-cut grinding is close to the 
maximum operation temperature of -TiAl. 
4. The investigations on VIPER-cut cooling supply 
indicate that despite the good lubrication of this technique in 
grinding process, the internal cooling supply has better 
performance results when grinding -TiAl. When using this 
technology the grinding zone temperature and the lubricant 
flow can be reduced significantly and crack free surface can 
be maintained. 
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